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Studies of La0.7 Ca0.3MnO~  epitaxial films on substrates with a range of lattice constants

reveal that larger lattice distortion gives rise to larger zero-field resistivity and larger negative

magxlet  oresist  ante. The colossal negative magnetoresistance (CMR) in the manganites  at

high temperatures (1’ + Tc;  Tc being the Curie temperature) is consistent with the hopping

conduction of lattice polarons  induced by the Jahn-Teller coupling, and the low-temperature

(T < Z’C) negative magnetoresistance is attributed to the magnetic domain wall scattering.

In contrast, the absence of polar-on conduction in L~.5Ca0.~ C003  epitaxial films results in

much smaller negative magnetoresistance.
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Recent findings of colossal negative magnctoresistance  (CMR) in the perovskite n~an-

ganites Lnl _XAXMn03_6  (Ln: trivalent rare earth ions, A: divalent alkaline earth ions) have

spurred intense research in the origin and further improvement of the magnctoresistance

effccts[l-7].  The perovskite  manganites have been known for decades for their interesting

magnetic phases  and electronic properties as a function of the doping level (x)[8-12]. Upon

increasing the doping level by substituting t}le Ln3+ ions with A2+, the concentration of

Mn4+ increases, giving rise to a mixture of Mn3+ and Mn4+ which initially yields canted spin

configurations [10- 12] and then forms metallic bonding and ferrornagmetism  for the doping

level of 0.2 < z < 0.4[8- 12]. The occurrence of ferromagnctism has been attributed to the

double-exchange interaction between Mn3+ and Mn4+ ions[8-  12], However, further theoretical

investigations have revealed that the double-exchange alone cannot quantitatively account for

the experimental observation, and that the strong electron-phonon interaction arising from

the Jahn-Teller splitting may be inlportant[6]. It is known that Mn3+ is a Jahn-Teller ion

with a d-electron configuration c~tjg which contributes to the anisotropic  magnetic properties

due to the Jahn-Teller splitting of the outer d-orbitals of dzz_yz  and d3zz_r2[11]. ‘The sug-

gested relevance of the lattice effects on tllc conductivity and magnetism of these manganites

is supported by increasing experimental eviclcnce[3-5,7].  For instance, a strcmg  correlation

between the thickness of the epitaxial films and the corresporlding  magnetcmxistance  has

been revealed in the L~.7Sr03Mn03  system[3].  In addition, decreasing Curie temperatures

and increasing CMR effects in the Lao.7_XL11j  Ca03M]103 (Ln’ == Pr,Y,  O < z < 0.7) poly-

crystalline materials with the increasing lattice distortion have been demonstrated via the

substitution of La ions by smaller ions of Pr and Y[4]. Another study on I,a,o.6pbo,4  M1103

and Ndo.6(Sro.7Pbo.3  )o.4Mn03  single crystals has illustrated much smaller magnetorcsistance

as well as vanishing magnetoresistance  for te~nperature  T -+ 0[5]. Moreover, a significant re-

duction of the magnetoresistance is observed in Ndo~Sro36Pbo14MnO~  single crystals under

a. hydrostatic pressure of 10.7 kbar[7].

To seek further understanding of

on the occurrence of CMR, we report

tllc role of lattice distortion and Jahn-Teller effect

in this letter our experimental investigations of the

transport and magnetic properties of LaOTCa[,3Mn03 and Lao.5C~.5C003  epitaxial  fi]ms



on various perovskite  substrates. The substrates selected include single crystalline LaAIO~

(LAO), SrTiOs (STO), and YA1OS (YAO).  As shown in Table I, these sut,strates  arc cho-

sen to provide a range of lattice constants which allows studies of the effects of tensile and

compressive stress of the films. By maintaining the same chemical composition, oxygen an-

nealing condition, and film thickness for all samples, we can investigate the net effect of lattice

distortion on the transport and magnetic properties. On the other hand, tc) investigate the

relewmce  of the J ahn-Teller coupling, wc consider the cobaltit es Lal _ ~ CaY C003 which are

known to be highly conductive ferromagnets at doping levels of 0.4< y < 0.6[1 1,13]. In these

cobaltites,  the C03+ and C04+ ions are known to exist in the form of both the high-spin

and low-spin states, so that the d-electron configurations may assume either e~t~~ (low-spin)

or e~t~~ (high-spin) states for the C03+ ions , and for the C04+ ions either e~i!j~ (low-spin)

or ejt& (high-spin) states(l  1]. The coexistence of cobalt ions with either entirely empty or

half-filled e~ orbitals  is essential for high electrical conductivity and ferromagnetisrn in these

cobaltites. Hc)wever,  neither the empty nor the half-fillecl  e~ orbitals yield any Jahn-Teller

effect. Therefore the controlled comparison c)f the lnagnctoresistance of the cobaltites with

that of the manganites may provide further insights into the correlation of CMR with the

Jahl~-Teller effect.

The La0.7Ca0.3Mn03 (LCMO) and L~.~CaO.~CoO~  (LCCO) epitaxial films are grown by

pulsed laser deposition using stoichiometr-ic  targets of Lao.7Cao$3Mn03  and LW.5CW.5COC)3.

The films are grown in 100 mTorr of oxygen with the substrate temperature at 700°C, and

subscquelltly a.nncalcd  at 900° C of 1 atrn oxygen for two hours. The oxygen concentration

is believed to be stoichiometric  because any longer annealing time does  not yield further

increase of the Curie temperature Tc, and the Tc values for both LCMO (TC == 260 + 5 K)

and LCCO (TC = 180 + 5 K) are consistent with those for the bulk material. The thickness

of all samples is 200+ 10 nm, and the lattice constants a, b and c (c -L sample surface) as well

as the epitaxy of the films arc dcterxnined  using high resolution x-ray diffraction spectroscopy

and x-ray rocking curves. The results arc tabulated in ‘1’able 1. The chemical properties of

these samples were further characterized with x-ray photoelectron spectroscopy (XE’S)[14].

The results indicate that no interdiffusion  takes place bctwccn  the substrate material and



the film except for LCCO/STO.  Further-more, no density of states at the Fermi level  was

observed for the manganites[14], consistent with the semiconducting  nature of these samples

at room temperature. In contrast, a high dc]lsity of states at the Fermi level is observed for

the cobaltites[14],  in agreement with the metallic nature (p < 10–4 Q cm at 300 K) of these

materials.

The  physical properties of both the manganites and cobaltites are studied via rncasure-

ments  of the resistivity and magnetization. The dimensions of the samples are 2mm x 2mm x

200nm, and the standard four-probe measurements are performed by making contact to sput-

tered gold elec,trocles.  The resistivity  is measured in a magnetic field varying from O to 6 Tesla,

and the anisotropic  magnetoresistance  is studied by varying the orientation of the magnetic

field from O to 90° relative to the sample surface. The applied current is always along one

axis of the sample and is transverse to the external field. The magnetic field and temperature

dependence of the resistivity is found to bc comparable for all field orientations, although

the quantitative details differ slightly due to the existence of a small magnetic anisotropy.

The magnetization measurements are performed using a SQUID magnetometer by Quantum

Design, with the applied field parallel to the sample surface.

The lattice distortion induced by the substrates yields two effects which are relevant

to our consideration. One is the lattice strain, defined as (AaO /aO), where UO is the lattice

constant of the bulk perovskite, and Au. is the difference between the lattice constant of the

film and that of the bulk. The other is the lattice relaxation between the substrate and the

film, defined as (As,/a.), where a, is the lattice constant of the substrate, and Aa~ is the

difference between the lattice constant of the film and that of the substrate. We note that

for films thicker than a critical thickness, the epitaxial films may acquire lattice constants

different from those of the substrates, thereby giving rise to “extrinsic” distortion such as

dislocations and domains. On the other hand, the lattice strain is an indicator of the more

intrinsic distortion in properties such as the magnetic exchange interactions and electron-

phonon  interaction. These two types of lattice distortion induced by three different substrates

are listed in Table 2 for both LCMO and I,CCO films. We note that among LCMO films,

the lattice strain for the a and b axes is tile largest in I, CMO/SII’0,  and the la,ttice  relaxation
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is the largest in LCMO/YAO. On the other hand, for LCCO  films, although no significant

lattice distortion occurs in the LCCO/LAO sample, the lattice relaxation is significant in

LCCO/YAO.

Next, we consider the effects of lattice distortion on the resistivity  and nlagnctoresis-

tancc of the fully oxygenated LCMO films. As illustrated in Figs. 1 (a)–(c), the largest lattice

distortion in the LCMO/YAO film yields the highest zero-field resistivity  p(l~  == O, T) and

the largest magnetoresistance  ARH at 11 = 60 kOe. Here we define the rnagnetoresistance

in a magnetic field 11 as AR;:  s [p(fI) – p(0)] /p(n). Comparing the lattice distortion of

LCMO/LAO and LCMO/STO, we note that the latter has a larger tensile strain, though

smaller lat t ice relaxation. This tensile strail~  may reduce the in-plane Mn-O-Mn exchange

irlteraction,  yielding less favorable ferromagnetic coupling[15]  anti possibly larger resistivity

and enhanced negative rnagnetoresistancc.

In Figs.2(a)-(c),  some representative rcsistivity data as a function of the magnetic field

at various constant temperatures are shown for the annealed I. CMO/LAO, LCMO/YAO and

I. CMO/STO films. We note that the p-vs.-.ll  isotherms are monotonically decreasing with

11 for all samples, and those for the least distorted LCMO/LAO are the smoothest. On the

other hand, for both LCMO/STO and LCMO/YAO films, some isotherms exhibit a distinct

change in the slope. To obtain a better ullderstanding  of the temperature and magnetic field

dependence of the resistivity, wc consider a mechanism based on polaron conduction [5,6].

Assuming dominant po]aron hopping conduction at high temperatures, we obtain the fitting

curves shown as the solid lines in Figs. 1 a.ncl 2 by using the following formulae:

‘(T) = (l:TG) ‘Xp [1
Eb(T)——
kBT {

- [1 - G(T)]},
= ~;+T& ‘X1’ kBT

p(H) N —~T— [ 1E~(H)(1+ Gt) ‘X1’ ~1~ “ (i ;.TG,)  =P { }
2$ [1 - G’(H)] , (1)

where  ~b is the polaron binding energy, a a constant, G(T) and G’(11)  arc empirically deter-

mined functions closely related to the norlnalizcd  magnetization rr2 ~ (JI!f/kf. ), with JU(II, T)

being the magnetization and lf~ the saturation magnetization, Using 13q.(1  ) and the func-

tions of G(T) and G’(H) given in Figs.3(a)  and 3(b), the polaron model yields the same fitting
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parameter E60 x 0.35 CV for all LCMO  filnls on different substrates, as shown by the solid

lines in Figs.1  and 2. We note the close  corx elation of G’(T)  and G’(H) with the experimen-

tal magnetization data M(T) and M(H), as illustrated in Figs.3(a)  alld 3(b). Furthermore,

G’(T)  -+ ?72(7’) = 1 for 2’< Tc, and G -->0 for T > Tc. Similarly, G’(H)  –+ m(fl) x 1 for

large H, and G’(H) + O for f- -+ O. The correlation of G and G’ with the magnetization

strongly suggests the important role of magnetic ordering in the electrical conduction. We

also note that by replacing G with m, our generalized form in Eq. (1 ) recovers the simplified

expression for polaron  conduction in Ref. [5], and Eb + O for m –} 1, consistent with complete

unbinding of polarons  in the limit of complete nlaglletic ordcxing. ‘l’he relatively large polaron

binding energy (E6~ = 0.35 eV) derived from the use of Eq.(1)  may be compared with the

Jahn-Teller energy of w 0.5 CV for undoped LaMnO~  [4]. Considering the 30% decrease of the

M113+ Jahn-Teller ions in our LCMO samples, the derivccl  polaron binding energy appears

consistent with the formation of lattice polarons[4], r-tither than magnetic polarons due to the

electron-spin intcraction[16].

Compaling  the &f(T)  data of all I.,CMO filxns and that of the bulk, we note that the

slower rise of magnetization below Z!’c for samples of larger lattice distortion appears to be

correlated with larger resistivity  and magnctoresistance. This observation is consistent with

the formation of lattice distortion-inducecl magnetic domains. Although all domains undergo

a ferromagnetic phase transition at the same temperature, below Tc the incompletely aligned

“supcrparamagnetic” moments of the magnetic domains in samples with larger lattice distor-

tion gives rise to slower rising magnetization and larger scattering of conduction electrons.

Therefore the application of external magnetic. fields has more significant effects on aligning

the magnetic domains and reducing the resistivity in samples with larger  lattice clistortion.

As nm.nifcsted  in Fig.1, the scenario of magnetic

with the finite rcsistivity  and magnetoresistance at low

tribution  vanishes. Furthermore, the distinct c}lange of

domain wall scattering is consistent

temperatures where the polaron con-

slope in the low-temperature p-vs.-f~

isotherms (see Fig.2)  also indicates changes in the scattering mechanism, To further verify

the presence of magnetic doxnain  wa~ scatterillg, we note that for the least distorted samples

of LCMO/LAO, the p-vs.-f]  isothernls over a large magnetic  field range can be consistently
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described by the field dependence given in 13q.(1). On the other hand, for the LCMO/STO

and LCMO/YAO, samples with larger lattice distortion, only the higher field portion of the

data can be described by Eq. (1 ). This phenomenon may be understood in terms of the better

alignment of magnetic domains in higher fields so that the domain wall scattering is reduced.

To further distinguish the rcsistivity contribution due to the domain wall scattering

from that due to the lattice polarons,  the rwsistivity  ancl magnetization of fully oxygenated

Lao.5Ca0.~Co03 epitaxial films on LAO and STO substrates were studied. As pointed out

earlier, the cobaltites were chosen because of the absence of the Jahn-Teller effect in these

samples. Despite comparable lattice relaxation ancl lattice strain in both the rnanganites

and cobaltites,  as shown in Tables 1 and 2, the magnitude anti temperature dependence of

the resistivity in these two systems exhibit sharp contrasts, as illustrated in I?igs.l(a)-(c)  and

l?igs.4(a)-(b).  The resistivity of the cobaltites may be understood in terms of the combination

of conventional impurity, phonon, and disorder-spin scattering. As shown in Fig.4, for both

LCCO/LAO  and LCCO/YAO samples, the temperature below which a faster decrease in the

zero-field resistivity  occurs coincides with the Curie temperature Tc N 180 K, suggesting that

magnetic ordering below ?’c reduces the resistivity.  It appears that the absence of polaron

conduction in the cobaltites may be responsible for the much smaller magnitude of negative

maglletoresistance.

In summary, we have investigated the role of lattice distortion, polaron conduction and

J ahn-Teller coupling in the occurrence of the colossal negative rnagnetoresistancc  in perovskite

oxicles.  By comparing the electrical transport and Inagnetic  properties of Lao.7 C~.3Mn03

films on substrates with different lattice constants, we conclude that larger  lattice distortion

gives rise to larger  zero-field rcsistivity alld larger magnitude of negative magnetoresistance.

The colossal negative magnetoresistance at high temperatures has been attributed to the con-

duction  of lattice polarons, because that the polaron bindillg  energy N ().35 eV is comparable

to the Jahn-’I’eller  energy, and that the rcsistivity is closely correlated with the magnetiza-

tion. On the other hand, the low-temperature rnagnetoresistancc  is found to be consistent

with the magnetic domain wall scattering. We have also studied the magnetotransport  prop

crtics of the highly conductive cobaltites I,a0,5  CaO.~ Co03  with lattice distortion comparable
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in L~.7 Cao.3Mn03,  and found that lattice distortion alone is insufficient to yield colossal

negative magnetoresistance. We therefore conclude that the conduction of lattice polarons

associated with the J ahn-’I’eller  coupling in the manganites is essential for the occurrence

of the colossa,l  negative magnetoresistance, and that lattice distortion further enhances the

negative magnetoresistance.
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Table 1 The lattice constants determined from x-ray diffraction for LaO.T  C~~MnO~

(LCMO) and LaO.sCaO.sCoOs  (LCCO) epitaxial films on substrates of LaAIO,  (LAO), YA1O,

(YAO), and SrTiOs (STO).  The lattice constants for bulk LCMO  and LCCO and those for

the substrates are also listed.
— ————..——.

Compound  ) Lattice ) constant (A)

(a/W)
LCMO 3.840
LCCO a=3,792
LAO a=3.792
YAO 3.662
STO a=3.905
I, CMO/LAO 3.842
LCMO/YAO 3.862
I, CMO/STO 3.881
LCCO/LAO 3.790
LCCO/YAO 3.828

(b//ii)
3.890

3.768

3.854
3,886
3.927
3.790
3.823

—.——

(c/2)
—— .-—
3.860

3.685

3.921
3.899
3.845
3.793

3.777——.. -— —___

Table 2 The comparison of the lattice relaxatio~l  and lattice strain for LCMO ancl I,CCO

epitaxial films on substrates of LAO, YAO and STO.

~. { .—. —
Compound I Lattice

““”----” rAA

L C M O / L A O  l~i2
LCMO/YAO  4 .80
LCMO/STO 0.62
LCCO/LAO -0.05
I, CCO/YAO 4.59—— —.

Relaxation (%)

‘ T ”  ‘“-””

—.—. .
b. !?1 g!.~2

b. c,

1.64 3.40
3.08 5.66
0.56 1.40
-0.05 0.03
1.41 2.35

—— —...

~Jdtice

flaQ
ao——— —.—

0.05
0.57
1.07
-0.05
0.95

Strain (%)—

‘T

QjQ h
b . co_-—

-0 .93 ‘ - ’  1.58
-0.10 1.01
0.95 -0.39
-0.05 0.03
0.82 -0.40_-—
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Fig.1 The effect of lattice distortion on the resistivity  of I.aO.TCaO.sMnos  (for both H == O

and H = 60 kOe) for oxygen-annealed cpitaxial films on different substrates: (a) LaAIO~,

(b) YA1OS,  and (c) SrTiO~.  The corresponding magnetoresistance  (Al?}l) vs. temperature

(T) data arc shown in the insets, and the solid lines are fitting curves  using llq.(1).

Fig.2 The magnetic field dependence of the rcsistivity (p vs. H) at various constant tem-

peratures for (a) LCMO/LAO, (b) LCMO/YAO  and (c) LCMO/STO epit.axial  films. The

solid lines arc fitting curves  using 13q. (1 ) over tllc range of flclcls in which the expression is

applicable.

l’ig.3 (a) ‘Me  temperature dependence of the correlation function G(T) for I, CMO/LAO,

LCMO/STO  and LCMO/YAO films (the solid lines) for both 11 == O and H == 60 kOe. The

illsct shows the temperature dependence of the magnetic moments M(T) for LCMO/I,AO,

LCMO/STO  and I. CMO/YAO filIIIs and bulk I,CMO  taken at H == 6 kOe. Note the much

faster saturation of ,M(2’)  below Z’C for bulk LCMO relative to that of the films. (b) The

representative G’(H) -vs.-H isotherms for the LCMO/LAO  film. The corrcsponc]ing M-vs.-H

c~ata  are shown in the inset.

I“ig.4 The ef~ect  of lattice distortion on the rcsistivity of L~.~Cao.~CoO~  (for both H == O

and 31 =: 60 lcOe)  for oxygen-annealed epitaxial filxns  on different substrates: (a) I,aA103;

(b) YA1OS.  The corresponding maglletoresistance  (ARII ) vs. temperature (T) data as well

as the A4-vs. -’T curve arc shown in the insets.
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